Abstract: Symbiosis with ectomycorrhizal (ECM) fungi can be important for regeneration success. In a context of increasing regeneration failures in the coastal forest of maritime pine in Southwest France, we tried to identity whether differences in ECM communities could partly explain the variation of regeneration success and how they are influenced by forest practices and stand characteristics. In particular, we focused on the effects of harvesting methods (comparing mature forest with seed-tree regeneration and clear-cuts) and topography (bottom-, mid-, and top positions). Five field trials (two in regeneration failure areas and three in successful areas) were used to sample 450 one-year-old seedlings. Assessments of ECM of seedling nutrient concentrations and of seedling growth based on exploration types were made. ECM root colonisation was similar in all harvesting treatments, suggesting that enough inoculum remained alive after logging. Harvesting-induced effects modifying soil properties and light availability respectively impacted ECM composition and seedling growth. Topography-induced variations in water and nutrient availability led to changes in ECM composition, but had little impact on seedling growth. Contact, short-distance, and long-distance exploration types improved the nutritional status of seedlings (Ca, K, and N), showing that mycorrhization could play an important role in seedling vitality. However, neither ECM root colonisation nor exploration types could be related to regeneration failures.
Introduction
Maritime pine (Pinus pinaster Aït in Soland) is the dominant forestry tree species in south-western France, covering almost one million ha [1] . Most of the forest range in the interior land plains is renewed by planting, whereas natural regeneration is used in the coastal area, which represents 10% of this forest [1] . In addition to wood production, these coastal forests have a multifunctional role, including soil erosion protection, preservation of biodiversity, and tourism/public usage [2] . To accommodate these multiple objectives, the use of natural regeneration to renew forest stands limits soil disturbance (no soil ploughing, such as before plantations) and improves the conservation of genetic diversity and the capacity of forests to adapt to global change. However, in recent years, regeneration failures have increased in some areas, leading to significant economic losses [2, 3] . The regeneration status is conditions [38, 39] . Indeed, the pre-existing mycelial network established by the roots of surrounding adult trees permits the seedlings to connect to this network at a low carbon cost and this can improve seedling regeneration [14, 40, 41] . Partial cutting can promote the maintenance of active root tips, and seed-tree cuts can maintain an intermediate level of ECM colonisation between clear-cuts and forests [36, 42] . Thirdly, the impacts of clear-cuts or seed-tree cuts on ECM communities are also due to the associated modifications of soil properties relative to hydric conditions, soil temperature, or nutrient availability [32] .
In the face of observed regeneration failure, the more specific context of coastal dune forests was considered and regeneration practice other than standard clearcutting is currently being tested by preserving seed-trees in the stand. In addition, the topography induced by the dune ecosystem is a major characteristic of these coastal forests, and strongly impacts the distance to the water table which varies from 1-3 m at the bottom to 17 m at the top of the dunes [43] . Consequently, harvest practices (clear-cuts and seed-tree cuts vs mature stands) and topographical positions (bottom-, mid-, and top positions) were tested in this experiment as factors potentially affecting ECM communities and their relationship with seedling nutrition.
More precisely, we examined the variations in ECM colonization between sites in relation to regeneration status, harvesting practices, and environmental conditions (i.e., topography, meteorological conditions, and soil properties). We hypothesized that: (i) seedlings from the sites with regeneration failures could have a lower ectomycorrhizal colonisation and a lower diversity of ectomycorrhizal exploration types; (ii) ectomycorrhizal colonisation could be lower in clear-cuts than forests due to the loss of inoculum; and (iii) ECM fungi could modify root development, and could lead to better needle nutrient concentrations.
Materials and Methods

Study Area Description
To test our hypotheses, we established trials in five forests along the coast in SW France (Figure 1a) . Two of the sites are within the area of chronic stand regeneration failure (hereafter referenced to as sites F1 and F2), while the three other sites are in areas with high values of regeneration success (S1, S2, and S3). Since regeneration failures are very heterogeneous within the same forest, germination and survival were monitored during the three years following the clear-cut to confirm the regeneration status of the sites (Table 1 ). Table 1 ). The year of germination and early growth of seedlings (i.e., 2015) was the driest year of the decade, with precipitations between 608 mm and 880 mm, and average annual temperatures around 14 • C (Météo-France data; Table 1 ). All sites are near a monospecific forest of Pinus pinaster (Aït in Soland), with some small individuals of oak (Quercus robur L., Q. ilex L., and Q. suber L.) within the stands or in the margins. Understorey was mainly composed of Arbutus unedo L., as well as small amounts of other shrubs (Ulex Europaeus L., Cytisus scoparius (L.) Link), grasses (Holcus lanatus L., Deschampsia flexuosa (L.) Trin.), and ericaceous plants (Erica cinerea L., Erica scoparia L.). All sites were chosen on westerly facing slopes at about 2.5 km from the ocean, with an average slope of 10 • . Soils were young sandy soils (WRB (World Reference Base) classification: arenosols; USDA (United States Department of Agriculture) classification: entisols), developed from Aeolian deposits that occurred during the Holocene period [44] . These soils are mainly composed of coarse sands (96−97%), are slightly acidic (topsoil values of pH = 4.5-5.0; base saturation = 32−54%), have a low water holding capacity, and are extremely poor in nutrients [44] . Forest floor organic layer thickness varies between 0.5 and 4 cm (unpublished data [44] ).
Tree Harvesting and Stand Regeneration Management Methods
Because tree harvesting and regeneration methods may impact ECM communities, the three following treatments were tested at each site: (1) control (i.e., no tree harvest and stand disturbance; hereafter referred to as "Forest" treatment); (2) seed-tree regeneration method (i.e., natural regeneration with seed-trees (70 trees ha −1 ; "Seed-tree" treatment); and (3) clear-cut, which corresponds to the dominant harvesting and regeneration method in coastal dune forest ("Clear-cut" treatment). Logging was carried out mechanically between December 2014 and March 2015 in the seed-tree and clear-cut treatments. Other current practices were carried out before logging in these two treatments: understorey vegetation was mechanically removed to limit post-logging competition, and was combined with mechanical tillage to increase soil aeration and the availability of nutrients. This tillage mixed the forest floor organic layers with the mineral topsoil layer.
Light availability for each harvesting treatment was calculated from the diameter, age, and density of the trees, following equations of Porté et al. [45] and Berbigier and Bonnefond [46] . It was significantly different between harvesting treatments (Kruskal-Wallis rank sum test, p = 0.002), with the lowest values in forests (mean: 80 ± 2.2%), intermediate values in seed-trees (mean: 92 ± 0.7%), and maximal values in clear-cuts (mean: 100%) (Tukey test: a, b, and c, respectively).
Sampling of Seedlings
In this study, we chose to sample seedlings that had regenerated naturally rather than planting nursery grown seedlings, in order to remain as close as possible to natural regeneration conditions. Indeed, ECM communities between seedlings planted under nursery conditions and those that had regenerated naturally in the stand are different [14] . The nursery fungi suppress the initial colonization by native fungi, and do not reflect a difference in local inoculum [32] . Seedlings were selected and sampled from all five sites between the end of November 2015 and early February 2016. Seedlings almost only germinate in spring (between the end of March and the beginning of June), and were eight to 10 months old when sampled. At each site, for each harvesting treatment and for each topographical position, a central area of about 50 m × 8 m was identified for seedling sampling (=9 areas per site; Figure 1b ). Within each area, two seedlings were selected every 10 m as close as possible to the line splitting the area in half, with one on each side of the line (Figure 1b) . Non-browsed seedlings were selected (between 5 and 20 cm in height). Areas too close to other tree species (especially oaks) were avoided. Seedlings with their entire root system and a small amount of soil were gently removed using a shovel and then stored in plastic bags at 4 • C. In total, 450 seedlings were sampled (450 = 5 sites × 3 harvest treatments × 3 topographical positions × 10 seedlings).
Assessment of Seedling Dimensions and Ectomycorrhizal Status
Seedlings were cut at the root collar. Shoot stem diameter and total height were measured. Roots were then washed carefully over a plastic tray to remove soil adhering to the roots without disrupting the ECM material. Tap root length was recorded. Then, roots were divided into coarse roots (CR, diameter > 2 mm) and fine roots (FR, diameter < 2 mm). CR Lengths were measured with a caliper. For FR, we calculated mycorrhizal and non-mycorrhizal root length based on the line intersect method [47] . Root tips were observed using a binocular microscope, and ECM fungi were classified into the four main morphotypes reported by Agerer [20] , depending on the exploration type of fungi. Contact exploration types have a smooth mantle, sometimes with a few hyphae. Short-distance exploration types correspond to ECM with many hyphae and no rhizomorphs. Medium-distance exploration types are represented by fungae with hyphae and rhizomorphs, which ramify and interconnect repeatedly. Long-distance exploration types include smooth ECM with few but highly differentiated rhizomorphs [20] . Non-mycorrhizal root tips were also counted. Shoots, CR, and FR samples were dried at 60 • C to obtain biomass values. ECM root colonization (%), specific root length (SRL, m g −1 ), total seedling biomass (g), root:shoot (R:S, g g −1 ), and height:diameter (H:D, mm mm −1 ) ratios were calculated from these measurements. Measurements from the ten seedlings from each sample location (same harvest treatment and same topographical position) were averaged for statistical analyses.
Needle Nutrient Concentrations
Needles from the ten seedlings of each sample location were grouped into a composite sample (n = 45 composite samples) for mineral analysis (N, P, K, Mg, Ca). Nutrient concentrations were analysed after digestion in sulphuric acid and hydrogen peroxide. Nitrogen and phosphorus were determined colorimetrically with a Technicon auto analyser II. Potassium, calcium, and magnesium were determined with a Varian SpectrAA-20 flame atomic absorption spectrophotometer (Varian, Mulgrave, Australia).
Nutrient concentration values were compared to two sufficiency thresholds (i.e., where growth is medium to good) from a literature compilation by van den Burg [48] . These thresholds correspond to the mean values of several pine species, discerning values obtained from studies in sand culture from those in pot trials (Supplementary Materials, Table S1 ).
Data Treatments and Statistics
All statistical analyses were realised with R software version 3.4.1. [49] .
ECM Status
ECM root colonization, expressed as a percentage, was logit-transformed following Warton and Hui [50] and total ECM root tips and number of root tips for each exploration type were expressed as number per meter of fine root length.
First, we scrutinized potential differences of ECM status between sites and according to meteorological differences between the sites. Analysis of variance was used to compare ECM status between sites, using data for all seedlings from all treatments within each site. Correlations between ECM variables and site characteristics (pH, OM, and precipitation variables) were prospected with Bravais-Pearson correlation tests.
To investigate variations of ECM status within the different sites according to harvesting treatments and topography, we used linear mixed modelling with harvesting treatment and topography as fixed effects, and the site as a random effect. Posthoc Tukey pairwise multiple comparisons were performed for significant treatments.
Seedling Growth and Nutrient Concentrations
To analyse how seedling growth and nutrient concentrations were affected by harvesting treatment and topography, we carried out linear mixed models with harvesting treatment and topography as fixed effects, and the site as a random effect. Biomass values and fine root length were log-transformed to reach linear modelling assumptions. The date of emergence of the seedlings, which may have varied by a few weeks, could lead to differences in terms of seedling size and the allocation of carbon and nutrients are both known to vary with plant size and ontogeny [51] . Thus many seedling characteristics (root:shoot, height:diameter, specific root length, and plant nutrient concentrations) were expected to vary with seedling size [52] [53] [54] . Consequently, to take this effect due to seedling size into account when performing our analyses, we first carried out linear regressions between aboveground biomass and these variables. In a second step, when regressions were significant (p < 0.001 for R:S, H:D, N, P, K and Ca, p = 0.97 for Mg, p = 0.72 for SRL), the effects of harvesting treatment and topography were prospected on regression residuals and residual variance. Posthoc Tukey pairwise multiple comparisons were performed for significant factors.
Relationship between ECM and Seedling Response after Filtering out Effects of Harvesting Treatments and Topographical Positions
As ECM can improve access to soil resources for seedlings, analyses were only performed for the following variables related to soil resource availability and plant nutrition: root:shoot ratio (R:S), specific root length (SRL), and nutrient concentrations. The investigation of relationships between ECM and seedling characteristics cannot be carried out directly because seedling response can be influenced either as the result of mycorrhizal colonisation, or the impact of environmental variations on both seedlings and mycorrhizae. Our previous statistical models performed in 2.6.2 had taken the effects related to seedling size and local environment (harvest treatments and topography) into account. Therefore, using the residual variance of these models enabled us to focus on the potential remaining relationship between ECM and seedling properties alone, having filtered out the other aforementioned effects.
Results
Sites
The four exploration types were observed at all sites, and throughout most of the individual root systems examined; 73% and 25% of the seedlings had respectively four and three exploration types on their root system. ECM root colonization (%), number of root tips of each exploration type (nb m −1 ), and total root tips differed in the five study sites (Figure 2 ; all p-values < 0.01). Root colonization was higher in F2. Contact exploration type was higher in S1 and S3, whereas short-distance exploration types were more prevalent in F1 and F2. The largest numbers of medium-and long-distance exploration types were found respectively in S2 and F1. The greatest number of root tips occurred in F1, followed by F2/S2 and S1/S3 (decreasing order; Figure 2f ). Contact exploration types and total number of root tips were respectively positively and negatively linked to summer 2015 precipitations (Figure 3 ), but no effects of annual or decennial rainfall were observed. Medium-distance exploration types were positively correlated with soil pH (r = 0.978, p = 0.004). 
Seedling Growth and Needle Nutrient Concentrations
All parameters except specific root length (SRL) and Mg-needle concentration were significantly affected by harvesting treatment (p = 0.430 for SRL, p = 0.712 for Mg, p < 0.001 for all others; Table 2 ).
Total seedling biomass and shoot biomass, stem diameter, and tap root length increased with a decreasing intensity of harvesting, from the forest to the clear-cut. Root biomass and fine root length were the lowest in forests, but no differences were found between seed-trees and clear-cuts. Seedling height was greater for seedlings growing in forests. Regarding needle nutrient concentrations, N and P were higher in seedlings in clear-cuts than in seed-trees, which were in turn higher than those in forests. K concentration was lower in forests than in seed-trees and clear-cuts. Ca concentration was higher in needles from seed-tree seedlings than in clear-cuts and forests. Topography only affected SRL (p = 0.017), seedling height (p = 0.038), and height:diameter ratio (p = 0.007), which were all greater at the mid position than the top position ( Table 2 ). Regarding thresholds of sand culture studies, N and P concentrations in forest seedlings were under the threshold, while none of the other nutrients were considered as deficient in seed-trees or clear-cuts regardless of their topographical positions (Table 2) . Using threshold values derived from pot trial studies, K and Ca concentrations were also deficient in the forest, whereas Ca was below the threshold for both seed-cuts and clear-cuts for all topographical positions. indicates that analyses took effect of seedling size into consideration and focused on residuals of the regression between the variable and the aboveground biomass. Each value is a mean (±SE) of 15 values. Different lower-case letters indicate significant differences between harvesting treatments or topographical positions (p < 0.05, Tukey test).
‡ indicates values below the deficiency threshold in both sand culture and pot trials; † indicates values below the deficiency threshold only in pot trials ( [48] ; details in Table S1 ).
Effects of ECM on Seedling Root Properties and Nutrient Concentrations
SRL was highly affected by ECM composition but not root:shoot ratio ( Table 3 ). The contact exploration type showed a positive effect on SRL, whereas other exploration types (short-, medium-, and long-distances) and total number of root tips were related to a decrease in SRL values. With regards to plant nutrient concentrations, several relationships were significant (Table 3) , most of them showing an improvement in nutritive status of seedlings. Ca, K, and N needle concentrations significantly increased respectively with number of contacts, and short-and long-distance exploration types, whereas a higher number of the medium-distance exploration type corresponded to a decrease in Ca concentration. Total number of root tips was positively linked to higher N, K, and Mg concentrations. 
Discussion
Role of Abiotic Factors in ECM Composition
Two results confirmed the influence of soil moisture and hence water availability on ECM composition: (i) the influence of summer rainfall at the site and (ii) the influence of topography.
Significant differences in all ECM characteristics were observed among sites, suggesting that the local environment plays an important role in shaping ECM communities. Correlation between site environmental variables and ECM exploration types showed the positive influence of the summer rainfall during the first growing year on the number of contact exploration types and a negative effect on the total number of root tips (Figure 3) . These results suggest that meteorological conditions during the first months of establishment are more important than the historical climatic conditions at the sites. Contact exploration types, which are less carbon costly for the seedling, take up water more efficiently during rainfall events thanks to their hydrophilic mantle [20] . Conversely, seedlings develop more root tips in drier areas [55] , which may increase mycorrhizal associations. Rainfall and soil water availability have been shown to be an important factor governing fungal communities [25, [56] [57] [58] , but mainly by studying ECM species composition instead of exploration types. Jarvis et al. [29] , who looked at both species and exploration types in Pinus sylvestris across Scotland, found that soil moisture and precipitation were the main drivers of ECM species composition, while temperature had an influence on exploration types. In our study, we could not test a link with temperature because of the small variation between our sites (less than 0.7 • C differences for all temperature variables). Conversely, we found that summer precipitation had a strong influence on ECM composition with higher contact exploration types at the wettest sites.
Regarding topography, a greater number of contact exploration types were shown at the bottom position than the top position. These results could be explained by higher water [43] and nutrient availabilities in the lower topographical positions [59] , where the contact exploration types are more suitable because of their hydrophilic mantle, which allows them to be in closer contact with resources [20] . We expected the opposite pattern for long-distance exploration types which develop over a larger area and have greater mycelial expansion [20] . They are more likely to develop in stressful areas, but in our case, even though they tend to be more abundant at the top positions, the relationship was not significant. These results can be related to those observed by Bakker et al. [22] from two mature stands of maritime pines varying in distance from the water table and nutrient availability. They found a greater proportion of contact exploration types at the wet nutrient rich site and a higher proportion of long-distance types at the dry nutrient poor site.
Another positive significant correlation was found between pH and medium-distance explorations. A shift in ECM composition, from species developing high extramatrical mycelium instead of smooth types when pH increased, has already been reported in field survey studies (e.g., [60] ) or liming experiments (e.g., [61] ).
Impact of Forest Management on ECM Composition
In contradiction with our second hypothesis, we did not find any decrease of fungal root colonization with harvesting treatment, suggesting that the amount of fungal inoculum is still sufficient for the establishment of new seedlings the year after logging. It has been shown that forest practices similar to those used in our study may have a positive influence on ECM colonisation, and this may explain our results. More precisely: (i) mechanical soil disturbance leaving organic matter in the topsoil layers may have less impact than those that remove or bury the organic layer [33] ; (ii) letting stumps in the forest stand during harvesting can have a positive impact on the maintenance of higher levels of fungal inoculum [34] ; and (iii) tree harvesting occurring in late autumn or winter also allows mycorrhizae to remain active longer in the soil [32] .
We expected a potential gradient of soil moisture which decreases from forests to clear-cuts due to the microenvironment created by the canopies of the trees, and that this soil moisture could impact ECM composition (leading to a greater number of contact exploration types in forests and long-distance exploration types in clear-cuts). Instead, differences found between forests and seed-trees/clear-cuts in ECM composition indicated that logging and site preparation influenced ECM composition in a different way. During our binocular observations, we often found patches of contact exploration types encrusted in small pieces of decaying wood. Contact exploration types are known to develop more in soil with high organic matter content, being able to degrade lignin directly from dead wood or rotting leaves to increase access to nutrients [20] . The mechanical tillage used in the study sites probably incorporated a supply of dead wood into the topsoil layers, which could explain the greater number of contact exploration types in seed-trees and clear-cuts. Another explanation for this increase in contact exploration is the higher resilience of these exploration types to disturbance, because they can easily regenerate their reduced system of extramatrical hyphae [62] . Conversely, short-and medium-distance exploration types with a lot of hyphae and some rhizomorphs decreased, due to the increasing harvesting intensity. In addition to the lower resilience of these ECM, the growth of nearby mature trees could influence ECM colonization for new seedlings. Trees may maintain greater mycelial networks from which fungi could vegetatively colonize new hosts due to the close vicinity of their roots [14, 41, 63] . This could be potentially more effective for exploration types with emanating hyphae. It has also been shown that ECM fungal propagules decreased sharply when isolated from a potential source, leading to a decrease in fungal colonization and diversity [64] .
Impact of Forest Management on Seedling Characteristics
Morphological traits of seedlings were strongly impacted by harvesting treatment (15 out of the 17 variables studied showed significant differences; Table 2 ). As we had assumed, our results confirmed the light demanding characteristics of Pinus pinaster seedlings, which had higher above and below ground tissues, a greater stem diameter, and higher needle nutrient concentrations in clear-cuts than in forests. As shown by Robakowski et al. [65] , seedlings growing under a higher level of light show greater net CO 2 assimilation rates and higher daily maximal photosynthetic rates, leading to a higher shoot biomass when light increases [66] [67] [68] [69] [70] . The observed increase of stem height and stem height:diameter ratio can also be interpreted as a shade avoidance response and are in agreement with previous results regarding these seedling traits [66, 68, 71, 72] .
Root biomass is also known to be improved in high light environments, but results regarding root:shoot ratio variations were heterogeneous, especially in the early stages. In Pinus pinaster seedlings, Rodríguez-García and Bravo [68] showed a higher allocation to roots when light increased in a garden experiment, whereas Ruano et al. [69] found no variations in root:shoot ratios in a field study with four harvesting intensities. These discrepancies may be due to differences in seedling size which affect root:shoot ratios [51] . The increase of tap root length from forests to clear-cuts is probably due to soil moisture differences between harvesting treatments; seedlings in dry areas improve their water foraging capacity by having long and deep roots [73, 74] .
Seedlings growing in forests had lower needle nutrient concentrations. Higher N and P concentrations in clear-cuts than in seed-trees could also be related to better nitrogen and phosphorus efficiency use in full light than in low light, as reported by Elliott and White [67] . In addition, the mechanical effect of logging and soil preparation carried out in clear-cuts and seed-trees could explain our results, as these can lead to an increase of mineralisation, thus causing a substantial release of mineral elements into the soil.
Overall, the sufficient level of nutrients observed in needles of our seedlings suggests that mycorrhizae may enable seedlings to overcome the nutritional stress of the local environment (Table S1 ).
Effects of ECM on Seedling Root Development and Nutritive Status
ECM colonisation is associated with a modification in fine root morphology according to the different exploration types rather than a greater investment to the roots (Table 3 ). Mycorrhizal colonisation usually increases both shoot and root biomass, but the root:shoot ratios could be lower or higher in conifer seedlings depending on the amount of fungal tissue present [13, 75] . Indeed, the ECM fungal identity is the main factor determining fine root morphology [76] and aboveground biomass variations [77] . ECM colonisation increased fine root diameter and decreased SRL, especially due to the mycelial mantle surrounding fine roots [12, 13] . High SRL values suggest fast growth and intensive soil exploration. Thus, seedlings with lower SRL values will need more root tips and exploration types with a lot of hyphae or rhizomorphs to compensate for the lower soil exploration area.
Plant nutrient concentration is greater with more root tips, and each exploration type is significantly associated with a single nutrient (Table 3) . These results are consistent with our third hypothesis, and suggest that different functional types appear to be complementary for access to different nutrient sources. Several studies looking at functional diversity showed relationships with soil properties and nutrient availability, especially N [21, 23, 29, 30] . Long-distance exploration types are able to prevent resources from leaching during transport with their hydrophobic rhizomorphs and would have a strong ability to acquire organic N [23] . However, this strategy is expensive in energy for the plant and thus such a strategy is competitively dominant only in lower nutrient environments where resources are rare and patchy, as in our sites. Our findings can be related to those of de Witte et al. [30] , who investigated ECM exploration types in several beech forests and found many correlations between exploration types and foliar concentrations or soil properties. Similar to our results, they showed a positive relationship between contact exploration types and soil Ca (soil and foliar Ca were positively correlated in the study), together with a negative relationship between medium-distance exploration types and soil Ca. Furthermore, they found that a higher abundance of medium-and long-distance types was negatively associated with foliar N, and suggested that this might be due to the non N-limited environment in their study.
Can ECM Explain Failures of Forest Regeneration?
In the case where mycorrhization could be a factor involved in regeneration failures, we would expect that sites in failure areas (F1 and F2) would have insufficient mycorrhization (in terms of root colonization or number of root tips), or would have a clearly different composition of ECM communities. However, failure sites have higher numbers of root tips and higher or equivalent root colonization, which is contrary to our first hypothesis. The four exploration types were found on seedlings at all sites and only the short-distance ones discriminated failure areas from successful areas in terms of exploration type composition (Figure 2c ). However, this exploration type was not specific of failure sites because it corresponded to the more prevalent exploration type at four of the five sites (and the second highest in S1). The prevalence of the short-distance exploration type could be explained by the fungal identity which is the most representative of this exploration type, Cenococcum geophilum, and by the summer drought conditions occurring in our region. This species is known to be drought-tolerant and extremely resilient after drought [78] , allowing an early uptake of water and nutrients in the post-drought period [79] . In addition, fast colonization of new seedlings could also be the result of frequent disturbances within these forests (fires, storms), which has been shown to lead to an early-seral ECM community (of which Cenococcum is a part) necessary to promote seedling establishment [35] .
A high diversity of exploration types was observed at all sites and throughout most of the individual root systems. This diversity may promote a higher resilience of ECM communities to environmental changes, and suggests that fungal association is essential for the survival of young seedlings in the region even though it does not explain the failure of regeneration in some specific areas. However, we should consider that by harvesting the seedlings during their first winter, we only have seedlings that have survived the dry summer conditions, which is probably the main cause of mortality in the early establishment of maritime pine seedlings [38] . Seedlings with lower mycorrhizal associations in both quantity and/or exploration type diversity (and Cenococum geophilum in particular) may have died during the summer season and are thus missing from our sample, and this may be the main limit of our study.
Conclusions
Our results showed that ECM composition was affected by both harvesting and topography. In turn, mycorrhization appeared to be essential for early seedling establishment by improving the nutritive status of seedlings. However, in our context, ECM colonisation one year after logging does not seem to be linked to regeneration failures that occur in some specific areas. Other kinds of biotic interactions such as facilitation/competition with other plants or herbivory should also be explored to understand such regeneration failures.
Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/5/245/s1. Table S1 : nutrient threshold for pine seedlings (A) in sand culture or (B) in pot trial, from van der Burg [48] . 
